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inositol phosphates, but they are thought to be relevant
for binding of PtdIns lipids to the same sites. In most
cases, PH domains bind preferentially to PtdIns (4,5)P2
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the tightest. PtdIns (3, 4, 5)P3, one of the products ofFrance
the action of PI3K, is thought to act as a second messen-
ger to recruit regulatory proteins to the plasma mem-
brane via their PH domains (see below). Many of the
Antigen receptors on T, B, and mast cells are multimo- mutations in Btk that lead to XLA are point mutations
lecular complexes that are activated by interactions with that cluster at one end of the PH domain and could be
external signals. These signals are then transmitted to predicted to impair binding to Ins (3,4,5)P3 (for reviewregulate gene expression and posttranscriptional modi- see Satterthwaite et al., 1998a) (Figure 1b). Similarly,
fications. Nonreceptor tyrosine kinases (NRTK) are key CBA/N xid mice carry an R28C mutation in the Btk PH
players that relay and integrate these signals. NRTK are domain. The recent structure of the PH domain from
divided into distinct families defined by a prototypic Btk complexed with Ins (1,3,4,5)P4 provides an explana-member: Src, Tec, Syk, Csk, Fes, Abl, Jak, Fak, Ack, tion for several mutations associated with XLA: mis-
Brk, and Srm (Bolen and Brugge, 1997). In 1993, several sense mutations either directly affect the interaction
reports identified the first hereditary immunodeficiency with the phosphate of the lipid head group or change
linked to the NRTK Btk, a member of the Tec family. electrostatic properties of the lipid binding site (Baraldi
These immunodeficiencies are X-linked agammaglobu- et al., 1999). The crystal structure of BtkE41K complexed
linemia (XLA) syndrome in humans and X-linked immuno- with Ins (1,3,4,5)P4 shows that two Ins (1,3,4,5)P4 mole-
deficiency (xid) in mice. From these observations, a new cules are associated with this gain-of-function mutant
era started for the understanding of the role of Tec family as opposed to the wild-type PH domain, which only
kinases in the regulation of immune functions, first in binds one. Assuming that these structures are compati-
B cells, then in mast cells, and now in T cells. They ble with the association of the Btk PH domain with PtdIns
correspond to the first family of NRTK that integrate (3,4,5) P3, the increase in avidity showed for the PH
signals generated not solely by the Src family kinases domain of BtkE41K may explain its constitutive mem-
but also by phosphatidylinositol 3-OH kinase (PI3K), pro- brane association and activation. That XLA is also asso-
tein kinase C (PKC), Janus kinases (Jak), and heterotri- ciated with a point mutation Q127H that maps to the
meric G proteins. The present review discusses recent a1 region of the Btk PH domain (Figure 1b) cannot be
data regarding the role of Tec family kinases in cells of explained by the crystal structure, suggesting that the
the immune system and presents current models for PH domain of Btk carries an additional function (Baraldi
their structure, regulation, and functions. The available et al., 1999). A general consensus has emerged that PH
information regarding Tec family kinase expression and domains mediate intermolecular interactions and have
overall structure are depicted in Table 1. evolved primarily in regulating protein±lipid interactions,
yet in some instances PH domains may also mediate
protein±protein interactions (see below).The Tec Family Kinases: Structural Features
The Tec Homology DomainThe general domain structure of Tec family kinases is
The Tec homology (TH) domain contains a Btk motif,formed of an N-terminal pleckstrin-homology (PH) do-
which is a globular core packed against the PH domain,main; the so-called Tec homology domain (TH), which
and either one (Itk/Emt, Emb/Bmx, Rlk/Txk, and Tec29)includes a Btk motif and one or two proline-rich motifs
or two (Btk and Tec) PR motifs linked to the SH3 domain(PR); Src homology 3 (SH3) and SH2 domains; and fi-
by the so-called Tec-loop (Figure 1c). The Btk motifnally, the catalytic kinase domain (SH1). Tec family ki-
contains characteristic conserved cysteine and histidinenases generally lack the unique domain and myristoyla-
residues, forming a zinc binding fold. It is always adja-tion site (and frequently palmitoylation site) found in
cent to a PH domain and is found in other moleculesSrc family kinases. Moreover, they lack the C-terminal
such as Ras GAP. The PR motif adopts the dihedralregulatory tyrosine residue characteristic of Src (see
angles of a polyproline type II (PPII) helix and can bindFigure 1a).
SH3 domains (Mayer and Eck, 1995).The Pleckstrin Homology Domain
The Src Homology 3 DomainPleckstrin homology (PH) domains adopt a common fold
The recent solution structures of Btk and of the Itk/Emtwith electrostatic polarization (Hirata et al., 1998; for
Src homology (SH) 3 domains (SH3) show the typicalreview see Rebecchi and Scarlata, 1998) (Figure 1b).
SH3 topology, consisting of two small b sheets that areThe positively charged end of the module allows binding
packed against each other approximately at right anglesto inositol phosphate in vitro with Kds as low as 40 nM.
(Figure 1c). A 21 amino acid deletion in the Btk SH3Most of the studies on the interaction of PH domains
domain leads to a severe B cell defect characteristic ofwith their ligands have been performed using soluble
XLA in affected patients (Zhu et al., 1994). The modeled
mutant protein exhibits the loss of two C-terminal b² To whom correspondence should be addressed (e-mail: olive@
strands containing several residues critical for the for-marseille.inserm.fr).
mation of the SH3 ligand binding pocket. Remarkably,³ These authors contributed equally to this work.
Itk SH3 can bind to the intramolecular PR motif (An-§ Present address: Department of Pathology, University of Massa-
chusetts Medical School, Worcester, Massachusetts 01655. dreotti et al., 1997), which may regulate the enzyme
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Table 1. Overview of Tec Family Kinases
Tissue and Cell Chromosomal Activating Phenotype of
Protein Protein Size (kDa) Lineage Expression localization Pathway Single Mutation
Tec29/dsrc29A/ 66/55* tissue: embryo, oocyte, polytene unknown embryonic lethality
Dsrc29C and imaginal disc chromosome 28C and defective
oogenesis
Bmx/Etk 80 tissue: bone marrow, Xp22.2 IL-6R unknown
lung, testis, colon, (human) Ga12/13
and heart
cell: macrophage, ? (mouse)
neutrophil
Btk 77 tissue: bone marrow, Xq22 BCR, FceRI, gp130 block in B cell
/Bpk/Atk/Emb spleen, lymph node, (human) (IL-6R), IL-5R, development,
and fetal liver IL-10R, CD19, CD28, defective BCR
cell: B, myeloid, syntenic CD38, CD40 signaling and XLA,
erythroid, mast, and Xq22 (mouse) defective degranulation
megakaryocyte
Itk/Tsk/Emt 72 tissue: thymus, spleen, 5q31-32 TCR, CD28, CD2 Reduction in CD41
and lymph node (human) and FCeRI subset and defect
cell: T, NK, and ? (mouse) in TCR signaling
mast cells
Rlk/Txk 52/58* tissue: thymus, spleen, 4p12 (human) TCR subtle, some reduction
lymph node, tonsil, of IL-2 production
and testis
cell: T and myeloid chromosome
5 (mouse)
Tec 72/70/66/58* tissue: bone marrow, 4p12 (human) TCR, CD28, BCR, unknown
spleen, and thymus CD38, gp130, (IL-3R,
cell: T, B, myeloid, and chromosome 5 IL-6R), EpoR,
hepatocarcinoma (mouse) G-CSFR, TpoR c-kit,
* Alternative splicing site of mRNA or alternative start site yields multiple isoforms.
activity and is reminiscent of the recently described fold- B cell defect (for review see Satterthwaite et al., 1998a).
Immature B cells are arrested at the progression froming of the Src kinases (Figure 1c) (Pawson, 1997). Based
on this intramolecular structure of Itk, the Tec splice the IgMlo to the IgMhi stage, which could reflect the first
immune tolerance checkpoint at which autoreactive Bvariant (Tec III) expressed in vivo and displaying a 66
bp deletion in the C-terminal portion of the SH3 domain cells become susceptible to apoptosis (Maas et al.,
1999). In addition to the BCR, multiple pathways induceencoding region is predicted to make altered intramo-
lecular associations, which raises the question of its Btk phosphorylation and activation such as those induc-
ing the costimulatory molecules CD19 and CD38 andpotential differential function (Merkel et al., 1999).
The SH2 Domain cytokine receptors. Btk could also be involved in the
homeostasis of the mature B cell population by the regu-SH2 domains bind ligands containing phosphotyrosine
residues included within a specific sequence. The three- lation of their emigration and maintenance in the periph-
ery, since a maintenance defect is observed in subsetsdimensional structure of an SH2 domain from a Tec
family kinase is not yet available, but a model structure of B cells in xid mice (Cariappa et al., 1999). The basis
for this defect is unknown but could be at the level ofbased on v-Src suggests that Btk SH2 has a structure
very similar to the other SH2 domains (Vihinen et al., the regulation of chemokines or homing receptors and
may shed light on new functions for Btk (Guinamard et1994). The binding properties of recombinant fusion pro-
teins containing the Itk SH2 domain suggest that while al., 1999).
Mast cell development is apparently normal in btkit appears accessible, this domain can stabilize the intra-
molecular interaction between the SH3 domain and the deficient mutant mice, but the mice exhibit profound
defects in the functions of the Fc e RI receptor in vivoPR-motif (Andreotti et al., 1997).
(Hata et al., 1998a) and severe impairment in the produc-
tion of proinflammatory cytokines upon Fc e RI cross-Tec Family Kinase Functions
linking (Kawakami et al., 1999).Among the Tec family kinases, Btk is by far the most
In T cells, at least three Tec family members are ex-extensively studied due to its association with XLA. XLA
pressed: Itk/Emt, Rlk/Txk, and Tec. These three en-patients have less than 1% of the normal number of
zymes are activated by TCR signaling, which inducesmature B cells in the periphery and their Ig levels are
both their tyrosine phosphorylation and activation (Au-profoundly decreased. The alteration in the maturation
gust et al., 1994; Debnath et al., 1999; Yang et al., 1999).of B cells is mainly associated with a defective expan-
Adhesion and costimulatory molecules such as CD2 andsion of the pre-B cell pool. In btk-defective xid mice,
CD28 are also involved in their activation. Mice that domature B cells are also found at lower levels than in
not express itk/emt have decreased numbers of maturenormal mice and display impaired responses following
thymocytes, particularly CD41 cells, and reduced prolif-activation. Whereas the wild type Btk can correct the
erative responses to TCR cross-linking (Liao and Litt-X-linked immunodeficiency phenotype in btk null mice,
a constitutively active form of Btk results in a profound man, 1995). In contrast, rlk/txk null mice present neither
Review
375
Figure 1. Structural Features of Tec Family Kinases
(a) In addition to the Src homology (SH) domains SH1 (the catalytic subunit), SH2, and SH3 (protein±protein interaction modules) present in
Src family kinases, Tec family kinases possess PH and TH domains at their N terminus. Rlk in mammals and Tec29 in Drosophila melanogaster
are exceptions and have no PH domain. Tec kinases also lack the regulatory C-terminal tyrosine residue found in Src kinases.
(b) The Btk PH domain forms a seven-stranded bent b sheet (labeled b1-b7) with a C- terminal a helix (a2). The presented structure was
derived from Hyvonen and Saraste (1997) and prepared using Swiss-PdbViewer v3.5b1. Point mutations found in XLA patients cluster to the
positively charged end of the molecule around the predicted binding site for phosphatidylinositol lipids. The Btk motif (in the TH domain)
forms a small module with a novel fold, which is held together by a zinc ion (Zn).
(c) The SH3 domain of Itk can interact intramolecularly with a PR motif within the TH domain. This structure is reminiscent of the fold adopted
by the Src SH3 domain together with the SH2-kinase linker (Xu et al., 1997). The ribbon structure was derived from Andreotti et al. (1997) and
fit to that of the corresponding region of Src derived from Xu et al. (1997) and prepared using Swiss-PdbViewer v3.5b1. The potential regulatory
Y180 residue within Itk SH3 is shown in yellow.
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defects in cell numbers nor major defects in T cell re- Thus, multiple levels of the cell death pathway are
regulated by Btk including the activity of the Bcl-2 familysponses in vitro (Schaeffer et al., 1999). itk/emt2/2rlk/
txk2/2 mice have normal T cell numbers but display a and Fas signaling. However, in other models, Tec family
kinases are required for cell apoptosis. For instance,decrease in the cell surface CD4 to CD8 ratio. The ma-
ture T cell population shows profound functional de- in the DT40 chicken lymphoma, Btk is a mediator of
radiation-induced apotosis (Uckun et al., 1996). Mastfects. Tec differs from Itk and Rlk since it is not restricted
to T and B cells (Table 1) and regulates myeloid growth cells from xid and btk null mice die by apoptosis more
slowly in culture medium containing IL-3 than their nor-and differentiation via its recruitment and/or activation
by many cytokine receptors (listed in Mano, 1999). Tec mal counterparts (Kawakami et al., 1997). itk/emt2/2rlk/
txk2/2 mice have a decreased sensitivity to CD3-medi-is expressed at all stages of B cell differentiation and
can be activated by BCR, CD19, and CD38 stimulation ated apoptosis (Schaeffer et al., 1999). We suggest that
these apparent discordant results only mean that thesebut with subtle differences (for review see Mano, 1999).
Hence, like Btk, Tec is likely to be involved in B cell enzymes are key regulators of cell death, able either to
prevent or induce it. Factors have been proposed to bedifferentiation and function. In T cells, Tec is activated
either by TCR or CD28 stimulation. Tec, Itk/Emt, and involved in the proapoptotic mechanism of Btk, such as
JNK activation, but although this is a fair hypothesis,Txk/Rlk are involved in the regulation of the expression
of multiple cytokines and especially IL-2, IFNg, and IL-4. the concurrent activation of other MAP kinases such as
the ERK family may tune the overall response. MoreThe activation of CD41 T cells leads to their differentia-
tion and the acquisition of one of at least two possible experiments are needed in primary cells using mutant
mice and also to evaluate critical parameters such asprofiles of cytokine production, called Th1 for IL-2, IFNg,
and LT production, and Th2 for IL-4 production. Naive cell proliferation, IL-2 production, and consequences on
the expression of FasL and TNFa family members.itk/emt null mice are unable to display robust IL-4 pro-
duction, whereas IFNg production is only slightly af- Altogether, the available reports demonstrate a critical
role of Tec family kinases in the differentiation, function,fected (Fowell et al., 1999). In vivo, these mice are unable
to elicit a functional Th2 response. Txk/Rlk is expressed and homeostasis of most hematopoietic cells and spe-
cifically T, B, and mast cells. The molecular bases ofin thymocytes, but in peripheral mature T cells its ex-
pression is mainly restricted to Th0/Th1 antigen-specific these functions however still remain elusive.
Regulation of Tec Family KinasesT cell clones. Txk/Rlk regulates IFNg transcription and
production, whereas IL-2 and IL-4 are unaffected (Kashi- Progress in understanding the upstream signaling mole-
cules that control the function and cell localization ofwakura et al., 1999). Finally, Txk/Rlk expression is en-
hanced by IL-12 and decreased by IL-4. Altogether, this Tec family kinases has highlighted their regulation by
cell surface receptors in lymphocytes and mast cells,report suggests the involvement of Txk/Rlk in Th1 cyto-
kine production by T cells. Interestingly, Tec overexpres- specially for Btk (see Figures 2 and 3).
Plasma Membrane Localization of Tecsion induces the activation of both IL-2 and IL-4 pro-
moter constructs (Yang and Olive, 1999). Hence, Tec is Family Kinases
An initial step for Tec family kinase activation may beinvolved in the transcriptional regulation of cytokines
belonging to both the Th1 and Th2 subsets and plays their localization at the plasma membrane. Rlk/Txk con-
tains a cysteine string motif allowing palmitoylation anda role in the regulation of multiple cytokine genes (see
below). itk/emt-deficient mice have only mildly impaired subsequent membrane targetting (see Figure 1a). The
other Tec family members contain a PH domain that canresponses to viral infection. The ex vivo CTL activity
is reduced, whereas both IgM and IgG responses are act as a membrane anchor. Indeed, G-protein a or bg
subunits, PKC, and phospholipids have been identifiednormal (Bachmann et al., 1997). However, Itk/Emt-defi-
cient mice are incapable of clearing parasitic infections as potential binding partners able to recruit Btk to the
plasma membrane via its PH domain (for review seedepending on Th2 response (Fowell et al., 1999). itk/
emt2/2rlk/txk2/2 mice have a greatly increased suscepti- Hirata et al., 1998). Upon antigen receptor activation,
PtdIns (4,5)P2 is phosphorylated by PI3K to form thebility to the intracellular pathogen Toxoplasma gondii
(Schaeffer et al., 1999). high-affinity Btk PH ligand PtdIns (3,4,5)P3. Coexpres-
sion of Btk with the catalytic subunit of PI3K (class I or II)The regulation of cell survival and apoptosis is an
important function of Tec family kinases, but it is a com- induces both its tyrosine phosphorylation and activation
(Satterthwaite et al., 1998a), and growth factors canplex phenomenom with different modes of both positive
and negative regulation of cell survival. btk-deficient induce the translocation of a cytosolic Btk PH domain
(fused to the green fluorescent protein) to the cell mem-mice exhibit loss of splenic transitional type 2 B cells
(T2; IgMhiIgDlo) and recirculating B cells, which is in part brane in a PI3K-dependent manner (VaÁ rnai et al., 1999).
In addition, the SH2 domain of Tec family kinases canrescued in xid mice expressing either bcl-xL or bcl-2
(Anderson et al., 1996; Woodland et al., 1996). Accord- interact with the adaptor subunits of PI3K (Takahashi-
Tezuka et al., 1997). Thus, the inositol polyphosphateingly, bcl-xL upregulation is deficient in xid mice upon
BCR but not CD40 cross-linking (Anderson et al., 1996). phosphatase (SHIP) that can inhibit PtdIns (3,4,5)P3 gen-
eration by hydrolysis downregulates Btk activity (for re-This regulation of bcl-xL by Btk could be based on its
role in calcium flux and activation of the transcription view see Satterthwaite et al., 1998a). Other enzymes
containing a 59-inositol polyphosphate phosphatase ac-factor TFII-I, but also via regulation of the PI3K pathway,
since bcl-xL expression is regulated by PI3K (Collette et tivity such as SHIP-2 or PTEN are other candidates that
could regulate the membrane localization of Tec familyal., 1997; Novina et al., 1999). In addition, Btk is an
inhibitor of the Fas/CD95 cell death±inducing signaling kinases. In contrast to Btk, Itk is constitutively associ-
ated with the plasma membrane. This surprising resultcomplex. Btk interacts with the intracytoplasmic domain
of Fas and inhibits the activation of caspase-8 (Vassilev needs to be controlled in nontransformed cells, but it
confirms that the recruitment of the enzyme to theet al., 1999).
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Figure 2. A Model for Tec Family Kinase Acti-
vation
Following receptor activation, both PI3K and
Src kinases are activated. This leads to the
generation of PtdIns(3,4,5) P3 by PI3K and
induction of the catalytic activity of a mem-
brane-attached Src kinase. The inactive, cy-
tosolic Tec family kinase is thus recruited to
the plasma membrane through the binding of
PtdIns(3,4,5) P3 by its PH domain. There it
becomes phosphorylated on a tyrosine resi-
due within the catalytic domain by the Src
kinase. The phosphorylated Tec kinase then
autophosphorylates a tyrosine residue within
its SH3 domain to give a protein with full cata-
lytic activity, allowing recruitment of effector
molecules through its protein±protein inter-
acting modules.
plasma membrane is not sufficient by itself to lead to review see Satterthwaite et al., 1998a). Either the dele-
tion of the SH3 domain or a Y223F mutation in Btkenzyme activation (Shan and Wange, 1999).
Regulation of Tec Family Kinases by Protein increases its transforming activity with apparently no
significant consequences on its catalytic activity. In con-Tyrosine Kinases
Two different steps of phosphorylation can be detected trast, deletion of the SH3 domain in Tec induces an
increase of its catalytic activity (Mano, 1999).(Figure 2). The analysis of the various phosphorylation
sites of Btk has led to the current model where Y551 in Src family kinases can also regulate other Tec family
kinases such as Itk/Emt, Tec, Rlk/Txk, or Tec29, a Dro-the kinase catalytic loop is first phosphorylated by the
Src family kinase Lyn. However, in lyn-deficient mice, sophila member of the Tec tyrosine kinases (for review
see Mano, 1999).Btk tyrosine phophorylation can still be detected (Sat-
terthwaite et al., 1998b). These data suggest that Btk A novel mechanism of regulation of Itk has been re-
cently identified. In Jurkat cells, inactive Itk has beencan be actived in the absence of Lyn, thus, other Src
family kinases such as Fyn or Blk, but also members found associated with the plasma membrane. In order
to be activated, two steps are required: the activation ofof the JAK family kinases, could perform this function
(Takahashi-Tezuka et al., 1997). The phosphorylation on ZAP-70 and the tyrosine phosphorylation of LAT, which
permits LAT-Itk coassociation mainly in the glycolipid-Y551 induces an overall increase of Btk activity and an
autophosphorylation of Y223 within the SH3 domain (for enriched membranes (GEMs) (Shan and Wange, 1999).
Figure 3. Comparison of Src and Tec Family
Kinase Regulation
Both Src and Tec kinases are proposed to
fold into a closed, inactive conformation due
to intramolecular interactions, which are reg-
ulated by phosphorylation/dephosphoryla-
tion and by protein-protein intermolecular in-
teractions.




Like other protein tyrosine kinases, the Tec family can Tec family kinases have been implicated in this process.
be negatively regulated by tyrosine phosphatases, such PKCm/PKD is regulated by Btk in chicken B cell lines,
as SHP-1 (Maeda et al., 1999). and the PKCd isoform has been found to regulate STAT
Regulation of Tec Family Kinases by Interaction activation via Emb/Bmx (Sidorenko et al., 1996). PKC
with TH/SH3 Domain Partners activation cascades are poorly understood, but other
Partners that may disrupt the intramolecular interactions serine/threonine kinase activation pathways like mito-
between TH and SH3 domains may participate in Tec gen-activated protein kinases (MAP kinases) are well
family kinase activation (Figure 4). This mechanism has documented. The activation of extracellular signal-regu-
been proposed as an activation model of Btk by the Gq lated kinase (ERK), JNK, and p38 MAPK has been ana-
subunit (Ma and Huang, 1998). A similar model can be lyzed following antigen stimulation in Btk-deficient cells
proposed for T cell activation, involving membrane re- (for review see Satterthwaite et al., 1998a). In the ab-
ceptors such as CD2 and CD28 (King et al., 1996; Mar- sence of Btk, JNK, and p38 MAPK, activation is impaired
engere et al., 1997; Yang and Olive, 1999). Src family and ERK activation is not sustained, nor are Ca21 sig-
kinases can also bind to the TH domain of Tec family nals. ERK activation is also impaired in itk/emt2/2rlk/
kinases via their SH3 domain (for review see Mano, txk2/2 primary T cells (Schaeffer et al., 1999). These
1999). The SH3 domain of Tec family kinases may also reports show that Tec family kinases are differently in-
recruit proteins that will uncouple the initiated signaling volved in MAP kinases regulation.
pathway. Indeed, trans-inhibitor molecules of Jak ki- Few substrates can be phosphorylated by Tec family
nases (suppressor of cytokine signaling [SOCS]) and kinases such as Itk/Emt that can phosphorylate CD28
trans-inhibitor molecules of Syk kinases (Cbl) bind the in vitro or by Tec that can phosphorylate Dok in COS
SH3 domain of Tec family kinases (for review see Mano, cells (King et al., 1997; Yang et al., 1999). Another sub-
1999). Another inhibitory molecule, Sab (SH3-domain strate of Tec, called BRDG1 (BCR downstream signaling
binding protein that preferentially associates with Btk) 1) has been identified in B cells. This candidate docking
was described for its ability to bind the Btk SH3 domain. molecule is phosphorylated upon BCR stimulation, in-
Such interactions with proteins that regulate the phos- teracts with the Tec kinase domain, and is phosphory-
phorylation state of Tec kinase may control a sustained lated by Tec (Ohya et al., 1999).
activation of the enzyme. Transcriptional Regulation of Target Genes
Some proteins such as WASP, EWS, and Sam-68 can by Tec Family Kinases
also bind to the SH3 domain of Tec family kinases, but Studies conducted in xid- or XLA-derived cells as well
there is not yet direct biological evidence to demon- as from knockout mice have allowed the identification
strate a role for these proteins in Tec signaling (for review of several potential target genes such as Bcl-2 family
see Mano, 1999). members and cytokines. Since the c-fos proto-onco-
Downstream Effectors gene is one of the immediate early genes induced by a
In B cells, NRTKs couple BCR to PLCg2, which controls wide range of cytokine stimulation, it has been proposed
PtdIns (4,5) P2 hydrolysis, thereby generating Ins (1,4,5) as a potential target for Tec (for review see Mano, 1999).
P3 and diacylglycerol, which regulate intracellular Ca21 Indeed, Tec was shown to be a potent inducer of c-fos
and PKC, respectively (Figure 4). Btk influences PLCg2 transcription in a pro-B murine cell line. Since c-Fos
activation by participating in its tyrosine phosphoryla- belongs to the AP-1 family of transcription factors impli-
tion (Takata and Kurosaki, 1996; Fluckiger et al., 1998). cated in the regulation of numerous target genes, includ-
Ca21 responses are impaired in Btk-deficient B cell lines ing IL-2, IFNg, TNFa, and IL-4, it is tempting to propose
and reduced in primary B cells from xid mice. Btk overex- that it acts as a general mediator in the transcriptional
pression enhances InsP3 generation and sustains in- regulation of target genes by the Tec family kinases.
creases in intracellular Ca21 following BCR stimulation. However, Btk does not appear to regulate c-fos (Hata
This Btk-dependent Ins(1,4,5)P3 generation following et al., 1998b), and targeted mutagenesis in mice hasBCR ligation is also a target for the inositol phosphatase
shown that c-fos is not absolutely required for the devel-(SHIP), which can associate with FcgRIIb presumably
opment or function of peripheral T cells (Jain et al.,by a loss of PtdIns (3, 4, 5) P3 involved in BTK PH recruit- 1994). Studies conducted in mast cells have shown thatment to the plasma membrane (Fluckiger et al., 1998).
Btk regulates the transcriptional activity of a compositeThe mechanism for Btk induction of sustained intracellu-
element derived from the IL-2 promoter and allows thelar Ca21 increase has been suggested to involve control
binding of nuclear factor of activated T cells (NFAT) andof Ins(1,4,5)P3-regulated internal calcium stores, which
AP-1. IL-2 induction following Fc e RI stimulation involvescan modulate Ca21 entry via Ca21 channels (calcium
the activation of SEK1, JNK, and various transcriptionrelease activated channels [CRAC]) at the plasma mem-
factors targeted by JNK, including c-Jun (Hata et al.,brane (Scharenberg et al., 1998). Ca21 signals are also
1998b). Additionally, a recent study has demonstratedreduced after TCR triggering in itk/emt-deficient primary
the phosphorylation and regulation of the nuclear local-T cells (Liu et al., 1998; Schaeffer et al., 1999). One
ization and transcriptional activity of TFII-I by BTK (No-putative missing link between Btk, Itk, and PLCg has
vina et al., 1999). TFII-I, also known as BAP-135, interactsbeen recently proposed by the demonstration of the
in vivo with the PH and TH domains of Btk (Yang andinteraction of their domains with the phosphorylated
Desiderio, 1997). TFII-I is a basal transcription factor foradaptors BLNK/SLP-65 and SLP-76 (Hashimoto et al.,
promoters containing initiator elements (such as bcl2 or1999; Su et al., 1999). Another piece of the puzzle could
bcl-XL) but is also an activator through upstream promot-be the association of Itk to another adaptor molecule
ers such as c-fos. Whether the various Tec kinases simi-LAT after T cell activation, this latter molecule playing
larly regulate the activity of AP-1 and TFII-I as well asalso an important role in the activation of Ca21 signals
additional transcription factors such as NF-kB and NF-(Shan and Wange, 1999).
AT remains an important issue for the future. A recentIn addition to Ca21 signals, NRTKs also couple antigen
receptor to the activation of serine/threonine kinases. study would favor this mechanism, since itk null mice
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Figure 4. Signal Transduction of Tec Family
Kinases
Following receptor ligation, Tec family ki-
nases can be modulated by their regulators,
interact with their regulators or partners, and
then activate signaling pathways, resulting in
diverse consequences including calcium mo-
bilization, MAP kinases activation, and gene
expression. B, I, R, and T indicate partners
or substrates of Btk, Itk/Emt, Rlk/Txk, and
Tec, respectively.
demonstrate a lack of NF-ATc nuclear translocation its palmytoylation and moves to the nucleus upon stimu-
lation. Their specialized role is partly due to their struc-upon T cell activation (Fowell et al., 1999).
ture, which associates modules such as PH, SH3, and
SH2 domains that have a very restricted spectrum of
Concluding Remarks interactions that target them to adaptor molecules and
Tec family kinases regulate various immune cell func- cytoskeleton. A second typical feature is their ability to
tions that integrate signals given by the other NRTKs be regulated by multiple NRTK such as Lck and ZAP-
as well as serine/threonine kinases, lipid kinases, and 70 in T cells together with PI3K-mediated modifications.
small G proteins. Together, the regulation of signaling Their rather unique spectrum of functions is further dem-
pathways by the Tec family kinases suggests their role onstrated by the substrates that have been recently
in fine tuning of lymphocyte responses involved in the demonstrated to be phosphorylated by them, such as
balance between tolerance and immunity (Goodnow, adaptor molecules Dok, BRGD1, RIBP, and the multiple
1996). transcription factor TFII-I (Ohya et al., 1999; Rajagopal
How Do They Integrate All These Signals? et al., 1999). Furthermore, BRDG1 and RIBP are adaptor
One key feature would be their localization, at least for molecules interacting specifically with Tec in B cells
Itk and maybe Rlk/Txk, which is palmytoylated, to spe- and Rlk/Txk and Itk in T cells, respectively. This latter
cialized membrane domains (GEMs), where they would property is important for T cell proliferation.
integrate signals critical for PLCg activation via interac- The Regulation of Their Enzymatic Activity
tion with adaptor molecules such as BLNK/SLP-65, Is Still Elusive
SLP-76, and LAT. This localization, as well as the interac- The additional phosphorylated tyrosine residues have
tion with other effector molecules like small G proteins to be identified, and the role of the serine/threonine
and PI3K, suggests an additional spectrum of down- phosphorylation by PKC has to be elucidated. The role
stream targets that they may regulate. This fine tuning of other domains such as SH2 has yet to be further
may be achieved by their ability to scaffold complexes analyzed. And finally, the function of the inter-SH2 ki-
involving adaptor and effector molecules such as PLCg nase domain, which is critical for Src family kinases,
itself. In addition, their activation status would be modi- remains to be investigated. These steps are mandatory
fied by their interaction with PR motifs containing li- for the understanding of their physiologic regulation and
gands including LAT, BLNK/SLP-65, or SLP-76. On the the design of new specific inhibitors. Clues should come
from the crystal structure of the other domains of theseother hand, Rlk/Txk interacts with membranes due to
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